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Speciation accompanies reproductive isolation in natural populations through hybrid sterility or lethality.
However, the molecular bases of hybrid lethality are mysterious. In this issue of Developmental Cell, Thomae
et al. (2013) demonstrate that Drosophila speciation factors HMR and LHR form a centromeric complex and
that increased dosage causes hybrid lethality.Postzygotic reproductive isolation is a
major event for speciation in natural
populations. The Dobzhansky-Muller
(DM) model (Dobzhansky, 1951) explains
how hybrid sterility or lethality is caused
and evolves under natural selection. In
this model, at least two loci that have
diverged in different species cause
hybrid incompatibility when combined in
a hybrid. In recent years, several genes
required for hybrid incompatibility have
been identified in different organisms
(Presgraves, 2010). Analyses of these
genes revealed that these are evolving
by positive natural selection in each spe-
cies’ lineage (Presgraves, 2010), suggest-
ing that lethal hybrid incompatibility may
evolve as a byproduct of adaptive protein
evolution. Therefore, it is essential to
clarify the cellular function of gene prod-
ucts required for hybrid incompatibility
in order to understand the selective forces
that drive positive selection, which will
ultimately provide mechanistic insights
into the origin of species. The centromere
is crucial to ensure faithful chromosome
segregation and is a fascinating candi-
date that mediates hybrid incompatibility
because centromere proteins are rapidly
evolving to adapt to highly variable
centromere DNA sequences in evolu-
tionary process (Malik and Henikoff,
2001).
Because offspring from crosses be-
tween Drosophila melanogaster and
Drosophila simulans die or are sterile,
the genus Drosophila is an ideal model
to study speciation. Genetic studies
suggested that the D. melanogaster
Hmr gene and the D. simulans Lhr gene
form a gene pair to cause hybrid
incompatibility (Brideau et al., 2006).
However, the molecular mechanisms
by which this gene pair causes hybridincompatibility were largely unknown.
In this issue of Developmental Cell,
Thomae et al. (2013) analyzed the HMR
and LHR proteins in both pure species
and hybrids.
Thomae et al. purified protein com-
plexes from D. melanogaster Schneider
cells expressing HMR or LHR. Surpris-
ingly, HMR copurified with LHR and vice
versa. In addition, the proteins that cop-
urified with HMR largely overlapped with
the LHR-interacting proteins, suggesting
that LHR and HMR function in a common
complex. Interestingly, the HMR/LHR
complex was associated with multiple
centromere proteins, including CENP-C,
HP1a, NLP, and Umbrea. Consistent
with these biochemical analyses, both
the HMR and LHR proteins colocalized
to centromeres in D. melanogaster and
D. simulans cells, although D. simulans
LHR also localized to other chromosomal
regions. Thomae et al. further analyzed
the functional role of the HMR/LHR
complex in chromosome segregation
and found that cells in which HMR or
LHR is disrupted displayed mitotic
defects. However, Thomae et al. did not
observe abnormalities in centromere
architecture in cells with disruption of
HMR or LHR, as the localization of most
inner and outer kinetochore components
was unchanged.
To provide an explanation for the
contribution of the HMR/LHR complex
in centromere function, Thomae et al.
turned to centromere transcription. The
transcription of centromere region is
highly repressed in many organisms, and
this is critical for proper centromere
function (Chen et al., 2008). Therefore,
Thomae et al. hypothesized that the
HMR/LHR complex might act as a tran-
scription repressor. Indeed, cells with aDevelopmental Cell 27, Ndisruption of HMR or LHR displayed an
increase in the expression of a subset
of transposal elements, including those
located in centromere and heterochro-
matin regions. Therefore, Thomae et al.
conclude that a major function of the
HMR/LHR complex at centromeres is
to repress expression of transposal ele-
ments and that inappropriate expression
of transposal elements results in mitotic
defects.
Centromere proteins generally show
positive selection in evolutionary process,
likely due to the strong evolutionary
pressure required to maintain a func-
tional centromere on highly variable
centromere DNA sequence (Malik and
Henikoff, 2001). Whereas this feature
explains the selective force that drives
adaptive evolution of the HMR/LHR
complex, hybrid incompatibility should
accompany the divergent evolution of
genes required for hybrid incompatibility
in each species. However, despite the
fact that the HMR/LHR complex is rapidly
evolving, it functions similarly in both
D. melanogaster and D. simulans cells.
In this situation, how does the interaction
of the Hmr and Lhr genes cause hybrid
incompatibility? A key insight to answer
this question came from the different
expression levels observed for HMR and
LHR in each species (Figure 1). HMR is
highly expressed in D. melanogaster
cells, but not in D. simulans cells. In
contrast, LHR was highly expressed in
D. simulans cells, but only a small amount
of the HMR/LHR complex localized to
centromeres because HMR was not
highly expressed in D. simulans cells
(Figure 1). In the hybrid, both proteins
are highly expressed and the excess
HMR/LHR complex is delocalized from
centromeres. Thomae et al. postulateovember 25, 2013 ª2013 Elsevier Inc. 367
Figure 1. Excess HMR/LHRComplex Causes Its Delocalization from
Centromeres and Leads to Cell Lethality in Hybrid Flies
Highly expressed HMR forms a complex with low amounts of LHR at centro-
meres in D. melanogaster. In contrast, HMR is not highly expressed
in D. simulans, although low levels of the HMR/LHR complex localize to
centromeres, with excess LHR localizing to noncentromere regions. In a
hybrid, excess HMR/LHR complex is formed; this facilitates ectopic
expression of transposable elements (TEs) and causes cell lethality due to
mitotic defects.
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HMR/LHR complex causes
mitotic defects and leads to
cell lethality (Figure 1).
The analysis of the HMR/
LHR complex provides an
interesting case study to
explain themolecular mecha-
nisms that contribute to
hybrid incompatibility. How-
ever, it is still unclear whether
the increased expression of
transposal elements and/or
mitotic defects occurs in
hybrid flies. Furthermore, it
remains to be determined
whether the increased tran-
scripts from transposal ele-
ments are the major source
of the mitotic defects that
cause hybrid lethality. Fission
yeast mutants for the HP1
homolog Swi6 show defec-
tive transcriptional repres-
sion and heterochromatin
formation near centromeres,
which is essential for kineto-chore integrity in fission yeast (Folco
et al., 2008). In contrast, pericentromeric
heterochromatin is not formed around
vertebrate neocentromeres (Shang et al.,
2013), suggesting that heterochromatin
structure is not essential for kinetochore
function in vertebrates. Because the
molecular mechanisms by which the
HMR/LHR complex represses transcrip-
tion at centromeres are still unclear,
further molecular analysis of the complex
is necessary. The biochemical identifi-
cation of interacting partners for the
HMR/LHR complex will clarify the mole-368 Developmental Cell 27, November 25, 20cular mechanisms by which the complex
mediates transcriptional repression of
transposal elements.
The finding that centromere pro-
teins mediate reproductive isolation in
Drosophila species provides an impor-
tant advance. It will be interesting to
assess the generality of this discovery
in diverse eukaryotes. The primary role
of the centromere is to generate a func-
tional kinetochore for faithful chro-
mosome segregation during mitosis. The
work of Thomae et al. suggests that
centromeres have additional roles, which13 ª2013 Elsevier Inc.may occur in driving specia-
tion through the direct role
in chromosome segregation.
Because the HMR/LHR com-
plex itself is rapidly evolving,
homologs of the complex
may not function at centro-
meres in divergent species.
However, it is possible that
known or unknown centro-
mere proteins may be in-
volved in hybrid incom-
patibility in other species.
The work of Thomae et al.
has opened the door to
investigate new centromere
functions.
REFERENCES
Brideau, N.J., Flores, H.A., Wang, J.,
Maheshwari, S., Wang, X., and Bar-
bash, D.A. (2006). Science 314,
1292–1295.
Chen, E.S., Zhang, K., Nicolas, E.,
Cam, H.P., Zofall, M., and
Grewal, S.I.S. (2008). Nature 451,
734–737.Dobzhansky, T. (1951). Genetics and the Origin of
Species. (New York: Columbia University Press).
Folco, H.D., Pidoux, A.L., Urano, T., and Allshire,
R.C. (2008). Science 319, 94–97.
Malik, H.S., and Henikoff, S. (2001). Genetics 157,
1293–1298.
Presgraves, D.C. (2010). Nat. Rev. Genet. 11,
175–180.
Shang, W.H., Hori, T., Martins, N.M., Toyoda, A.,
Misu, S., Monma, N., Hiratani, I., Maeshima, K.,
Ikeo, K., Fujiyama, A., et al. (2013). Dev. Cell 24,
635–648.
Thomae, A.W., Schade, G.O.M., Padeken, J., Bor-
ath,M., Vetter, I., Kremmer, E.,Heun, P., and Imhof,
A. (2013). Dev. Cell 27, this issue, 412–424.
